The combination of a semiconductor photocatalyst with guest transition metal oxides can extend its light absorption property in the visible region, leading to the emergence of potential catalysts for solar photocatalytic degradation. In the present study, Fe 2 O 3 /BiOIO 3 nanosheets with heterojunction couples have been fabricated in one-step by a simple hydrothermal method and used as a heterogeneous Fenton-like photocatalyst for the oxidative degradation of p-nitrophenol (PNP) under visible light. The absorption range of BiOIO 3 extended to the visible light region with the introduction of Fe, while the band gap is dramatically decreased from 3.00 eV for pure BiOIO 3 to 1.81 eV for 30% Fe 2 O 3 /BiOIO 3 . The recombination of photogenerated electron-hole pairs can also be prevented effectively. The intrinsic relationship between structure and catalytic activity was fully studied and a possible catalytic mechanism was proposed. The enhanced photocatalytic activity can be attributed to the synergistic effect of heterojunction semiconductor photocatalysis and heterogeneous Fenton catalysis caused by BiOIO 3 and Fe 2 O 3 . This highly active heterogeneous catalyst has the potential for efficient utilization of solar energy in the visible range and can be applied in environmental remediation and waste water treatment.
The combination of a semiconductor photocatalyst with guest transition metal oxides can extend its light absorption property in the visible region, leading to the emergence of potential catalysts for solar photocatalytic degradation. In the present study, Fe 2 O 3 /BiOIO 3 nanosheets with heterojunction couples have been fabricated in one-step by a simple hydrothermal method and used as a heterogeneous
Fenton-like photocatalyst for the oxidative degradation of p-nitrophenol (PNP) under visible light. The absorption range of BiOIO 3 extended to the visible light region with the introduction of Fe, while the band gap is dramatically decreased from 3.00 eV for pure BiOIO 3 to 1.81 eV for 30% Fe 2 O 3 /BiOIO 3 . The recombination of photogenerated electron-hole pairs can also be prevented effectively. The intrinsic relationship between structure and catalytic activity was fully studied and a possible catalytic mechanism was proposed. The enhanced photocatalytic activity can be attributed to the synergistic effect of heterojunction semiconductor photocatalysis and heterogeneous Fenton catalysis caused by BiOIO 3 and Fe 2 O 3 . This highly active heterogeneous catalyst has the potential for efficient utilization of solar energy in the visible range and can be applied in environmental remediation and waste water treatment.
The introduction
Semiconductor photocatalysis, based on the promotion of redox reactions by photoexcited electrons and holes under light irradiation, is a green technique that can be used for the oxidation of organic pollutants into CO 2 and H 2 O without secondary pollution. In the past several years, bismuth-based layered photocatalysts, such as Bi 2 S 3 , 1 Bi 2 WO 6 , 2 BiOX (X ¼ Cl, Br, I), [3] [4] [5] [6] [7] [8] and BiIO 4 , 9 have been a hot area of research because of their special structure that can effectively separate photogenerated carriers. Recently, nanostructured BiOIO 3 possessing two lonepair cations and displaying an Aurivillius-type (BiO) 2 2+ layer has been reported to exhibit high photocatalytic activity.
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However, it can only be excited by ultraviolet light that occupies only about 5% of the solar light due to its wide bandgap, which restricts the practical applications. BiOI. 16 Nonetheless, the photocatalytic activity of BiOIO 3 is far from efficient for practical applications.
Modication using transition metals to the bismuth-based photocatalysts may also be a good way to obtain the enhanced semiconductor photocatalytic activity. The studies on Mn decorated BiOCl and Fe decorated BiOBr have indicated that the doping of transition metals can reduce the band gap of bismuth oxyhalides and extend the wavelength response toward the visible range. 17, 18 Therefore, it is believed that BiOIO 3 heterojunctions with transition metal oxides can be constructed to increase the response to visible light as well as the photocatalytic activity.
Fenton reagent, which can rapidly convert hydrogen peroxide (H 2 O 2 ) into a stoichiometric amount of hydroxyl free radical ($OH) with high oxidative ability in acidic medium between pH 2 and pH 4, is known for more than a century and considerable as a successful treatment for advanced oxidation process (AOP). 
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Herein, a novel BiOIO 3 nanosheets married with various doping level of Fe 2 O 3 were constructed in a one-pot route by the facile hydrothermal method. The binary photocatalysts were employed as heterogeneous catalyst to oxidize p-nitrophenol (PNP) in the presence of H 2 O 2 . The trapping experiment and photoluminescence probing technique were used to verify the active species of photocatalytic process. The effect of initial parameters on the oxidation of PNP was investigated in detail, and the catalytic mechanism was also preliminarily studied.
Materials and methods

Reagents
All the reagents were of analytical grade and used without further purication. Potassium iodate (KIO 3 
Preparation and characterization of catalysts
Firstly, 1 mmol of Bi(NO 3 ) 3 $5H 2 O was dispersed in 20 mL deionized water by ultrasonic method to form solution A. Simultaneously, 1 mmol KIO 3 was fully dissolved in 20 mL deionizer water to form solution B. Then the solution B was dropped into the solution A. Aer magnetic stirring for 30 min, a certain amount of NaOH solution was added to adjust the pH value of the precursor to 3. Then, another 20 mL water solution containing a stoichiometric Fe(NO 3 ) 3 $9H 2 O was dropped into the above suspension under the magnetic stirring condition, the concentration of Fe ions was chosen as 5%, 10%, 15%, 20%, 25%, and 30% (Fe 2 O 3 and BiOIO 3 in the mass percent). The mixture was transferred into a 100 mL Teon-lined stainless autoclave to perform hydrothermal process at 180 C for 12 h and allowed to cool down to room temperature naturally. The precipitate was washed using distilled water and absolute ethanol for three times and then dried at 80 C for 12 h. The obtained samples were named as x% Fe 2 O 3 /BiOIO 3 , where x represents the percent concentration of Fe 2 O 3 .
Fourier transform infrared spectrometry (FT-IR, IR Affinity-1), UV-vis diffuse reection spectrometry (UV-vis DRS, UV-2550), X-ray powder diffraction (XRD, XD-2 Cu Ka radiation), eld emission scanning electron microscopy (FE-SEM, 55VP SUPRA), transmission electron microscopy (TEM, JEOL JSM-2010), X-ray photoelectron spectrometer (XPS, ESCALAB MK II), and uorescence spectrophotometer (PL, RF-5301) were performed to characterize the resultant catalysts.
Photocatalytic evaluation
The photocatalytic activities of the products were evaluated by degradation of PNP at room temperature. The reaction was performed in a photochemical reactor (BL-GHX-V, Shanghai Bilon Instruments Co., Ltd, China), equipped with a 250 W metal halide lamp combined with a 400 nm cut-off lter as light source. In a typical experiment, 50 mg catalyst was dispersed into 100 mL of 25 mg L À1 PNP solution with magnetic stirring to maintain a uniform suspension. The initial pH of the suspension was adjusted to a certain value using dilute aqueous H 2 SO 4 or NaOH solution. Aer 30 min of stirring in the dark to reach the adsorption/desorption equilibrium, the reaction was timed with addition of H 2 O 2 solution. At given time intervals, 5 mL of the suspension was continually collected. The solution and the catalyst were separated by centrifuging and the concentration of the remaining PNP was determined at 316 nm using a UV/Vis spectrophotometer. Total organic carbon (TOC) was obtained by a TOC analyzer (Shimadzu TOC-V CPH). Experiments were carried out in triplicate, and the results were expressed as mean values.
Results and discussion
Textural and structural properties
The crystal quality of the as-synthesized samples was analyzed by X-ray diffraction (XRD) as showed in Fig. 1 3 were analyzed by XPS. The shi of peak position on the charge effect was calibrated using the binding energy of C 1s at 284.6 eV.
30 Fig. 2a shows the survey spectra and Fig. 2b -e shows high-resolution XPS spectra of the four primary elements. Clearly, the peak at 529.7 (Fig. 2b) corresponds to O 1s, which is related to the Bi-O bond in BiOIO 3 lattice. Two strong peaks with binding energies at 634.9 and 623.4 eV are observed in the I 3d high-resolution XPS spectrum (Fig. 2c) (Fig. 2e) , respectively, which are in agreement with the value reported for Fe 2 O 3 .
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SEM and TEM revealed the morphologies of the as-prepared samples. Apparently, the sample exhibits irregular thin nanosheets with several hundred nanometers in size ( Fig. 3a and b) . The HRTEM image shown in Fig. 3c further veried the presence of Fe 2 O 3 . The lattice spacing of pure BiOIO 3 is 0.289 nm, corresponding well to the (002) plane of the orthorhombic BiOIO 3 .
23 Another distinct lattice fringe with a spacing of 0.368 nm was found on the edge of the Fe 2 O 3 /BiOIO 3 ake, this lattice spacing matches well with the (012) plane of Fe 2 O 3 . EDX mapping was conducted to inspect the elemental composition and distribution (Fig. 3d-g ). It is obvious that there is a homogeneous distribution of Fe, Bi, O and I elements in 15% Fe 2 O 3 / BiOIO 3 . These results above showed successful formation of Fe 2 O 3 /BiOIO 3 heterojunction.
The optical properties of the as-prepared samples were measured by a UV-Vis spectrometer. As can be seen in The photoluminescence (PL) emission spectra is usually employed to investigate the migration, transfer and recombination processes of photogenerated charge carriers in semiconductors, which plays a crucial role in photocatalytic reaction. Generally, the lower PL intensity, the lower recombination rate of photogenerated electron-hole pairs, thus there are more oxidative species and higher photocatalytic activity. Fig. 4 exhibits the PL spectra of the as-prepared samples under the excitation wavelength of 300 nm, and all the PL spectra exhibit similar peak shape and peak position. Obviously, the PL intensity of various Fe 2 O 3 /BiOIO 3 samples is lower than that of pure BiOIO 3 , indicating that the recombination of photogenerated electron-hole pairs can be efficiently prevented by the introduction of Fe 2 O 3 . The 15% Fe 2 O 3 /BiOIO 3 sample possesses the lowest PL intensity, suggesting the highest separation efficiency of photogenerated electrons and holes. However, when Fe 2 O 3 concentration further increased, the PL emission intensity of samples increased, leading to inferior separation of the electron-hole pairs.
Photocatalytic performance
The effects of various reaction parameters on the oxidation of pnitrophenol are presented in Fig. 5 . Except for the investigated (Fig. 5a ). Among these samples, 15% Fe 2 O 3 /BiOIO 3 sample possesses the highest oxidation ability toward PNP, which is 4 times than that of pure BiOIO 3 . Excessive amounts of Fe over the catalysts with higher Fe 2 O 3 concentration may act as recombination centers for photogenerated carriers and decrease the photocatalytic performance, which is consistent with the PL spectra results in Fig. 4 .
H 2 O 2 is the source of $OH, which is regarded as the main oxidative species to degrade organics in photocatalytic process. The inuence of initial concentration of H 2 O 2 on the degradation is presented in Fig. 5b As shown in Fig. 5c , the degradation of PNP became very slow under alkaline conditions with pH value of 9.0. Moreover, the degradation efficiency increased signicantly with lowering pH value. This increased degradation efficiency can be ascribed to the higher oxidation potential of $OH and the higher stability of H 2 O 2 that cannot decompose immediately to H 2 O and O 2 at a lower pH. 20, 34 However, under strong acidic condition (pH # 3.0), homogeneous Fenton reaction, which was caused by the releasing of iron ions, could shorten the life of catalyst.
The catalytic activity of catalyst was signicantly enhanced under irradiation condition compared with that in dark, as showed in Fig. 5d . The degradation efficiency reached to 99.9% aer 80 min under irradiation, while it was only 45% in the dark under the same conditions. The similar feature can be observed in TOC removal processes (inset in Fig. 5d ). This is a further proof that the synergistic effect of photocatalysis and Fentonlike catalysis of catalyst would be responsible for the degradation of PNP.
The effect of catalyst dosage on degradation of PNP is illustrated in Fig. S3 . † The result indicates that higher degradation efficiency was achieved when the catalyst dosage increased from 0 to 0.5 g L À1 . However, less obvious change was observed when catalyst dosage was further increased to 1.0 g L À1 , which could be ascribed to the agglomeration of particles which led to decline of surface area.
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Fig. S4 † shows the absorption variation of PNP on the 15% Fe 2 O 3 /BiOIO 3 system, the peak at 316 nm decreased gradually as the irradiation time increased, indicating the destruction of the conjugated structure of the PNP.
Stability and reusability of the catalyst
It is important to evaluate the stability and reusability of catalyst for practical application of a heterogeneous catalytic system. Therefore, leaching test was determined by ICP-AES by measuring the amount of iron leached into the solution aer a reaction time of 80 min. under the same operating conditions. Interestingly, there was not obvious degradation of PNP observed during the catalytic process. Thus, homogeneous contribution of leached Fe 3+ to degradation of PNP can be ignored. Meanwhile, the reusability was investigated during ve consecutive cycles under irradiation and xed reaction time of 80 min. The degradation efficiency of the reused catalyst was still close to fresh catalyst, as showed in Fig. S5a . † Additionally, the XRD pattern of the catalyst aer ve times reuse is also shown in Fig. S5b . † No obvious differences in the diffraction peaks was observed, conrming a very stable crystal structure. These results indicate that the asprepared catalysts exhibit high stability and reusability as a photocatalyst in the AOP process.
Analysis of the active species
To verify the active species of photocatalytic process, the effect of photogenerated holes (h + ), superoxide radical ($O 2
À
) and hydroxyl radical ($OH) on the degradation of PNP was investigated. Triethanolamine (TEA), p-benzoquinone (BQ) and isopropyl alcohol (IPA) were served as the scavengers of h + , $O 2 À , and $OH, respectively. Aer being trapped, the active species will be efficiently quenched, and the degradation efficiency of PNP thus became lower. As shown in Fig. 6 , the addition of IPA resulted in a remarkable decrease in the degradation of PNP, indicating that $OH is the main active species in the photocatalytic process. Only slight decrease in the degradation efficiency was observed in the presence of TEA and BQ, revealing that h + , and $O 2 À made negligible contribution to the photocatalytic reaction.
The formation of $OH on the surface of catalysts was further conrmed by PL technique using coumarin as probe molecule. Coumarin can be rapidly oxidized by photogenerated $OH in the presence of Fe 2 O 3 /BiOIO 3 and H 2 O 2 under irradiation to form hydroxycoumarin, which shows high uorescence intensity. As illustrated in Fig. S6 , † the PL intensity was enhanced rapidly as the reaction time increases. In other words, coumarin can be rapidly oxidized to form hydroxycoumarin by the synergistic effect of irradiation and Fenton catalyst and the PL intensity was increased signicantly with reaction time (inset curve 1), which was much higher than that in the dark (inset curve 2). However, the PL intensity was very low under the conditions when single catalyst or H 2 O 2 was used (inset curves 3 and 4). On the other hand, the uorescence for the hydroxycoumarin was completely quenched (inset curve 5) once IPA was added to the system, meaning that $OH is the principle oxidative species that participate in the heterogeneous Fentonlike photocatalytic reaction.
Possible photocatalytic mechanism
It is generally believed that the photocatalytic activity can be affected by many factors, which cooperate with each other to determine the photocatalytic activity. (5)). Thus, the synergistic effect of photocatalysis of x% Fe 2 O 3 /BiOIO 3 semiconductor and Fentonlike catalysis would be responsible for the enhanced hydroxyl free radical yield.
Conclusions
A series of Fe 2 O 3 modied BiOIO 3 photocatalysts were prepared using a simple hydrothermal method. There is a strong cooperative effect of bandgaps between these two components, which makes the apparent band gap decrease greatly from 3.00 eV for pure BiOIO 3 to 1.81 eV for 30% Fe 2 O 3 /BiOIO 3 . The visible light photocatalytic activity for the oxidative degradation of PNP under visible light could be obviously improved. The enhanced catalytic activities of Fe 2 O 3 /BiOIO 3 samples can mainly be ascribed to three factors: Fe ions acted as a mediator of the interfacial charge transfer, the heterojunction structure between BiOIO 3 and Fe 2 O 3 greatly improved the efficiency of charge separation, the synergistic effect of Fenton-like catalysis. Aer consecutive catalytic procedures, the catalyst was still stable without obvious deactivation. Coumarin PL experiment conrmed that $OH was the dominating active species of oxidation process. As a kind of heterogeneous Fenton-like photocatalyst, the Fe 2 O 3 /BiOIO 3 heterojunction is a promising alternative semiconductor for efficient removal of organic pollutants from water. View Article Online
